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Abstract: The bioeconomy can be integral to transforming the current economic system into one
with reduced environmental and social impacts of material consumption. This work describes a
bio-based multi-layer panel that is based on residual coniferous bark. To ensure that the presented
bio-based panel positively contributes to environmental protection while remaining competitive
with conventional products and meeting high social standards, the development of the panel is
accompanied by a life cycle sustainability assessment. This study performs a comparative LCA
and LCC of the developed panel to conventional benchmark panels, as well as a qualitative social
life cycle assessment. While the panel performs only economically marginally weaker than the
benchmarks, the results are more heterogeneous for the environmental dimension with benefits
of the bio-based panel in categories such as climate change, acidification, and ozone formation
and detriments in categories including eutrophication. The S-LCA analysis shows that all of the
involved companies apply social principles in direct proximity; however, social responsibility along
the supply chain could be further promoted. All results need to be viewed with the caveat that the
manufacturing processes for the new panel have been implemented, to date, on a pilot scale and
further improvements need to be achieved in terms of upscaling and optimisation cycles.
Keywords: bark-based biorefinery; bio-based material; construction material; insulation; polyurethane;
biophenolic resin
1. Introduction
The building sector accounts for about 38% of the annual greenhouse gas emissions
and around 40% of the global energy demand [1,2]. About 70 to 90% of the energy con-
sumption corresponds to the operation of buildings, while the embodied energy accounts
for 10 to 30% [3]. New policies and strategies such as net-zero buildings try to reduce the
energy consumption of the service life of buildings, although they exclude the embodied
carbon of the construction materials, which can account for up to 11% of the global GHG
emissions [4].
In addition to the energy needs of the building sector, it consumes large amounts of
resources. In 2018, resource use dedicated to housing and infrastructure accounted for 40%
of the total global material use [5]. The construction industry is among the primary water
users [6], while construction and demolition waste is the most significant waste stream in
the EU [7]. With a rising world population, from 7.7 billion in 2019 to a projected 8.5 billion
in 2030 [8], housing needs will further stress an already strained resource situation. In
summary, the construction sector faces risks related to climate change, such as rising
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carbon taxes, and has great potential to contribute to decarbonising the economy, reducing
resource use, and reducing construction and demolition waste [9].
Bio-based materials can contribute to CO2 reduction during the service-life of build-
ings through better thermal insulation, while materials themselves can act as a temporary
carbon sink and the manufacturing process of the materials can be even more energy-
efficient than conventional building materials [10,11]. Since first-generation bio-based
materials can strongly contribute to direct and indirect land-use changes and thus to
high environmental impacts, second-generation bio-based materials such as lignocellulose
residues, in particular, are seen as having great potential to replace conventional products
with significantly lower environmental impacts [12–14]. The challenges in the material
and energy use of lignocellulose relate to the resistance in breaking down into individual
components including lignin, cellulose, hemicellulose, and tannin; the large variability
of the different structures and chemical compositions due to genetic and other environ-
mental influences; and the large number of different sugars released from the breakdown
of cellulose and hemicellulose [15]. While much research in recent years has focused on
the use of agricultural residues [16,17], less attention has been paid to the use of bark in
high-value applications. Bark could also be a valuable raw material for producing high-
quality products such as adhesives, resins, plastics, or bioethanol [18,19]. Lacoste et al. [20],
for example, showed that spruce bark-based insulation foam from condensed tannins
has excellent mechanical resistance at low thermal conductivity and low density. Arias
et al. [21] compared the environmental impacts of different wood panel adhesives and
found the lowest impacts for a residual bark-based solution. Santos et al. [22] performed
a life cycle analysis on a cross-insulated timber panel with a conventional PU foam as an
inner insulation layer. Sinka et al. [23] presented different magnesium-hemp multi-layer
construction panel types and compared their GHG emissions to conventional references.
While many approaches in the field of bio-based construction materials adequately ad-
dress the environmental and economic dimension [11,14,24], Ingrao and colleagues [25]
observed a shortcoming in the assessment of the social dimension, mainly due to a lack
of data for modelling the social dimension. To avoid a shift of burden, the transition to
a post-fossil society, which uses bio-based residues to substitute conventional materials,
must be evaluated from the perspective of the three dimensions of sustainability [26].
This paper’s main goal is to describe the development of a novel and bio-based
multi-layer construction panel and to present both a comparative life cycle sustainability
assessment and a mechanical property assessment. The forestry residue coniferous bark
serves as the main feedstock and delivers all chemically essential components for producing
the plywood board based on bio-resins, the insulation foam based on bioesterpolyol, and
the bioesterpolyol-based adhesives for the final panel bonding. The production of all
components is based on processing methods that were upscaled by different companies
and research facilities throughout the REHAP project from 2016 to 2021 [27]. This work
contributes through a description of the whole production process of a bio-based multi-
layer panel, starting with the resource provision, the value-adding steps for the production
of the functional components, and up to the production of the final product.
Since bark is the focal feedstock, this work also provides insight into how the full
utilisation of the individual bark components can take place in a bark-based biorefinery.
In order to compare the technical, economic, and environmental characteristics of the
developed multi-layer panel with conventional benchmark panels, a life cycle sustainability
assessment (LCSA) and a measurement of the technical characteristics are carried out.
Regarding the social perspective, no benchmarking is carried out due to the difficulty of
adequately assessing the benchmark products’ social aspects. The LCSA is performed by
standard methodologies to highlight potential benefits and burdens of the novel product
compared to two selected conventional benchmarks. This work is a comprehensive and
multidimensional assessment of a future-oriented construction material based on the raw
material bark, and attempts to answer the following research question:
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RQ: How does a novel bio-based multi-layer panel perform technically, economically,
and environmentally compared to conventional, fossil resource-based benchmark panels?
The introduction is followed by an explanation of our methodology that describes the
study’s goal and scope, the system boundaries and the considered value chain steps, the
life cycle sustainability assessment, and the measurement of the technical properties. The
results follows this section. The article ends with a discussion and conclusion that situates
the findings within the existing literature and places them in a larger scope.
2. Materials and Methods
The research question is answered by a description of the production process, a com-
parative Life Cycle Sustainability Assessment (LCSA) with selected benchmark systems,
and an analysis of the technical properties. The LCSA is carried out by a Life Cycle As-
sessment (LCA), a Life Cycle Costing (LCC), and a Social Life Cycle Assessment (S-LCA),
which are methodologies that follow the Life Cycle Assessment framework defined in the
ISO 14040 and ISO 14044 standards. LCA frameworks consist of four steps: Goal and Scope
Definition, Life Cycle Inventory, Impact Assessment, and Interpretation of the Results. LCA
is a standard method for studying the environmental impacts of construction products,
with the first studies dating back to the 1980s [28]. LCC studies for the construction sector
have also been conducted, with the first definitions of this methodology dating back to the
1960s [29]. Social impact evaluations are a more incipient methodology and there are still
discussions on the most suitable methodology [30]. However, several studies already exist
in which different methodologies or frameworks have been developed to evaluate social
impacts in the construction sector [31,32]. More recently, the integrated LCSA has been
used in the construction sector. In [33], for example, the authors applied a holistic LCSA
to the production and recycling of concrete and timber production. The methodology has
also been used to assess bio-based products across different sectors [34–36].
2.1. Goal and Scope
The goal of this study is the evaluation of the sustainability performance of a bio-based,
multi-layer building panel compared to benchmarks primarily based on fossil resources.
The system boundaries of the presented layer and the benchmark systems follow a cradle-
to-gate approach and include both the raw materials extraction and the production process.
The environmental and economic features of the developed multi-layer panel are compared
to two different benchmarks with similar characteristics by LCA, and LCC Benchmark
1 is a conventional sandwich panel (i.e., SIP panel) composed of plywood (density of
450 kg/m3), XPS foam, and a fossil-based PU adhesive. Benchmark 2 is a multi-layer
panel similar to the bio-based one but is based on fossil-based components. Indeed, in the
latter case, PU components (foam and adhesive), including fossil-based esterpolyols and
plywood boards with phenol-formaldehyde resins as binders, are considered. In particular,
a different formulation for fossil-based esterpolyols is taken into account, depending on
their target application, i.e., foams or adhesives. While fossil-based esterpolyols for foams
include diethylene glycol and phthalic anhydride as monomers, benchmark esterpolyols for
adhesives include fossil-based 1,4-BDO and adipic acid. For the social LCA, the assessment
of the social impacts linked to the bio-based panel was performed. The results of the
social assessment are only given qualitatively as comparable social assessments were not
available for the conventional benchmark panels.
An appropriate functional unit is the key to providing a consistent comparison be-
tween different product systems. In the case of the presented multi-layer insulation panel,
it is vital to consider the properties and functionality of the panel. Consequently, the
functional unit selected for this study is the production of 1 m2 of multi-layer panels
with technical properties that exceed the Compressive and Tensile Strength UNE EN
Standards. The selection of this functional unit is in line with similar LCA studies on
composite structural panels [23,37] and is the common functional unit in the EPD program
for construction products.
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Primary data was provided first-hand by the industrial companies involved in the
different stages of the production chain. For the LCA, background data was mainly sourced
from LCI databases such as the Ecoinvent databases version3.6 [38] or GaBi databases,
scientific papers, and industry-average and government statistics sources (e.g., Eurostat).
The geographical scope of the project is the EU but was not limited to EU countries. For
places where no geographical information was available, relevant European databases
were used (e.g., Eurostat). Regarding the temporal representativeness, primary data
used in this study represents current production technologies and standard operations
for the biorefining sector, whereas secondary data retrieved from the GaBi database is
representative for the years from 2010 to the present. The different scenarios were modelled
and evaluated using the software GaBi, version 9 [39]. The production of co-products
was handled using subdivision or system expansion when possible (ILCD). When these
alternatives were not available, economic allocation was used to allocate the impact to
the different co-products in the process. For the LCC, the use of economic allocation was
convenient due to the intrinsic economic nature of the assessment [40]. Finally, for the
SLCA, allocation was deemed irrelevant due to the nature and scope of social data [41].
The target audience includes researchers from academia, industry representatives of the
biorefining and construction sector, environmental and socio-economic analysts, and other
potential stakeholders interested in both the circular economy and the sustainability of
new materials.
2.2. System Boundaries and Description of the Production System
Figure 1 shows the value chain of the multi-layer panel production with focus on the
foreground processes, namely the refining of bark. The primary refining process extracts
tannins, lignin, and sugars from spruce bark [42]. After a preliminary shredding step,
the ground sawmill spruce bark is processed through hot water extraction. A water-bark
mixture is heated up to 90 ◦C, thus separating tannin-rich fractions and a bark residue
containing mainly lignin, residual tannins, and sugars. Tannins-rich fractions are clarified
by centrifugation and tannins are then concentrated through a falling film evaporator to
obtain a purified tannins extract.
Figure 1. Simplified description of the bio-based multi-layer panel production system.
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The bark residue undergoes a soda cooking step, where it is fed together with NaOH
solution (50% w/w) and water, and the mixture is heated up to 160 ◦C by direct steam
injection (6–7 bar). The resulting soda slurry is fed into a decanter to separate the lignin-
rich black liquor from cellulose fibres. While the black liquor is sent for lignin separation
steps, the cellulose fibres are firstly washed and then sent to a saccharification process
with a specific enzyme cocktail to obtain a sugars-rich solution from which sugars are
extracted and concentrated (sugar stream: 78.2% w/w dry matter; 321.7 g/L glucose;
49.65 g/L xylose). The resulting carbohydrates fraction is then converted through fermen-
tation processes into the diols 1,4-BDO and 2,3-BDO to be used as bio-based intermediates
and bio-based dicarboxylic acids for the production of bioesterpolyols for BioPU foams and
bioPU adhesives, respectively. The phenolic fraction derived from bark (Lignin I) is used
in the production process of biophenolic resins, during which this bio-based component is
mixed and reacts with phenol and formaldehyde; in particular, a 50% substitution of the
phenol mass with biophenolic fraction is applied, compared to a benchmark product, i.e.,
phenol-formaldehyde resin.
The biophenolic resins are used as glue in the production process of plywood boards.
In the latter process, pine logs are debarked and chipped to obtain wooden chips with
the required dimensions to undergo the subsequent steps, i.e., chip digestion with water
and defibration. After these steps, biophenolic resins are blended with the fibres before
the pressing phases, during which preliminary plywood boards are obtained. The final
plywood boards are the result of the following stabilisation, sanding, and cutting stages. A
dedicated boiler is used to burn several wood-based residual streams and thus provide
steam, hot thermal oil, and hot gases to the main processes.
Figure 2 shows the bio-based multi-layer panel prototype with a detailed description
of the functional components. The multi-layer is composed of three bark-based components,
namely the plywood board based on lignin-derived biophenolic resin, the bioPU foam
based on bioesterpolyols, and the bioPU adhesive based on bioesterpolyols, which bond
the plywood board and foam. For the final production of the multi-layer panel, the whole
system undergoes a hydraulic press for 4 h at a pressure of 3 kg/cm2. The process is similar
to a SIP panel production based on plywood (with a different density compared to the one
used in the bio-based multi-layer panel) and an XPS foam.
Figure 2. Picture of the multi-layer panel with detailed descriptions of the structure and functional components.
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The system boundaries include the phases of the product’s life cycle from the raw
material extraction to the factory gate (“cradle-to-gate” approach). The system is divided
into two subsystems: a foreground system and a background system, as schematised in
Figure 1. The foreground system consists of processes under the control of the decision-
maker for which the study is carried out on, i.e., bioPU adhesive, plywood board, bioPU
foam value chains, and panel manufacturing. The background system represents all up
and downstream processes connected to the foreground system, namely the raw material
and energy production, transportation, and waste treatment and disposal.
2.3. Feedstock Availability
Coniferous bark is the focal feedstock for producing the functional components of
the multi-layer panel, the plywood board, the bioPU foam, and the bioPU adhesive.
Coniferous bark typically consists of about 25% cellulose, around 10% hemicellulose,
about 30% lignin, and around 10% tannin. Bark as feedstock for biorefineries has several
advantages. These include the mainly low-value use as combustion for energy recovery
or surface mulching, its low price, and its high availability and accumulation in large
volumes at discrete locations (sawmills and both pulp and paper mills), which facilitates
the feedstock collection. Since spruce and pine, in particular, are used in large quantities
among softwoods, the residual bark stream can furthermore be described as relatively
homogeneous, which is beneficial for its valorisation in biorefineries [43]. The average
annual bioeconomic potential of coniferous bark in the EU28 from 2015 to 2018 is supposed
to be around 14.6 Mt dry matter, of which 7.6 Mt is supposed to be spruce bark and 7 Mt is
supposed to be pine bark (calculation based on [43,44]). In the bioeconomic bark potential,
all wood industry residues (excluding firewood) are considered, hence bark residues of
sawmills, pulp and paper mills, and other wood industries. Figure 3 shows the regional
distribution in the EU28. The main spruce bark potentials can be found in Sweden (2.2 Mt),
Germany (1.5 Mt), and Finland (1.3 Mt), and the main pine bark potentials are in Poland
(1.4 Mt), Sweden (1.3 Mt), and Finland (1.2 Mt). The tannin and lignin for producing the
biophenolic resins, and the sugar for the production of 1,4 and 2,3-BDO of the underlying
research work are obtained in a primary refining step from Scandinavian sawmill spruce
bark. Pinewood is used for the production of the plywood board.
Figure 3. Average annual bioeconomic potential of spruce and pine bark on the NUTS-1 level between 2015 and 2018
(calculation basesd on [43,44]).
2.4. Technical/Physical Properties
For a meaningful comparison of the bio-based panel with the two benchmarks, com-
parable technical and physical properties with regard to the functional unit are necessary.
Therefore, this study includes the evaluation of the technical properties of the multi-layer
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panel. In this study, the performance tests focused on the two properties tensile strength
and compression strength. The sandwich panel samples consist of plywood covers on
both sides and the bio-based polyurethane core bonded with the bio-based adhesive. To
determine the tensile strength, the test performed was the tensile test perpendicular to the
panel faces according to the test procedure described in UNE-EN 14509:2014 (amended
version, 2016). The self-aligning plates were bonded to the surfaces of each specimen using
two-component epoxy adhesive. The tensile test was carried out at room temperature
and the tensile strength perpendicular to the panel sides evaluated the tensile modulus.
Breaking modes of the sample can be cohesive (core breaking or higher adhesive line
bonding) or adhesive (detachment between different components).
To determine the compressive strength, the compression resistance and modulus test
were performed according to the test procedure described in UNE-EN 14509:2014 (amended
version, 2016). The compression test was carried out, calculating the compression strength
and compression modulus at 10% of deformation. When breaking occured before that
10%, the values given were the ones that correspond to that point. For both tests, ambient
conditions were kept constant at a temperature of 23 ◦C and 50% relative to the humidity.
The mechanical testing was performed on six different samples which varied in terms
of the adhesive quantity, the bonding pressure, and the formulation of the BioPU foam
(PU 1 with ρ = 30.53 ± 0.53 kg/m3 and PU 2 with ρ = 26.35 ± 0.98 kg/m3). The selection
of the different test samples was based on achieving the best configuration of materials
(foam/adhesive/plywood board) and the optimum conditions of application, curing,
and pressing, considering the physical and chemical properties of the different elements.
Sample preparation started with cutting the PU foams and plywood boards to the desired
size to manufacture the specimens according to the size required by the standards. This
step was followed by sanding the plywood surfaces to improve adhesion in the next stage,
i.e., applying the adhesive. Finally, the multi-layer panel was assembled using a pressing
process. Table 1 shows the different test samples and the different pressures that were
tested to determine the optimum application pressure.
Table 1. Test samples for the performance of the mechanical/physical testing. The size of each test sample is 100 mm × 100 mm
and the pressing time is four hours.
Test Sample Cover Core Adhesive Quantity (g/m2) Bonding Pressure (kg/m2) Curing Time
# 1 Poplar plywood PU 2 350 1 3–4 days
# 2 Poplar plywood PU 2 250 1 3–4 days
# 3 Poplar plywood PU 1 150 2 12–24 h
# 4 Poplar plywood PU 1 350 2 3–4 days
# 5 Poplar plywood PU 1 250 0.4 3–4 days
# 6 Poplar plywood PU 2 250 0.4 3–4 days
2.5. Life Cycle Sustainability Assessment
In the following sections, the three pillars, namely the Life Cycle Assessment, Life
Cycle Costing, and Social Life Cycle Assessment of the integrated assessment methodology,
are described and reported separately. Each section includes a Life Cycle Inventory (LCI),
a section on the assumptions and limitations, and a description of the applied Life Cycle
Impact Assessment (LCIA) method. The central part of the data associated with this work
was collected throughout the REHAP project.
2.5.1. LCA
Life Cycle Assessment (LCA) is a structured, comprehensive, and internationally
recognised technique for assessing the environmental aspects of a process or a product (i.e.,
good or service) and the potential environmental impacts throughout the product’s life
cycle. The goal of this study’s LCA was to evaluate the environmental performance of a
bio-based, multi-layer building panel compared to specific benchmarks from a cradle-to-
gate perspective. Primary data was collected through questionnaires, while secondary data
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was gathered through LCI databases (GaBi database (ts) and Ecoinvent database v3.6), as
well as through literature research. Table 2 contains all the data used for the assessment of
both the bio-based and benchmark solutions, but not referring to the functional units and
net of recycled streams and recovered energy.
Table 2. Life Cycle Inventory of the production of the bio-based multi-layer panel and benchmark solutions.









Raw material BioPU foam 3.5 kg Based on own modelling Primary data
Raw material BioPU adhesive 0.35 kg Based on own modelling Primary data
Raw material Plywood board withbiophenolic resin 11.6 kg Based on own modelling Primary data







Raw material XPS foam 2.5 kg EU-28: extruded polystyrene(XPS) (EN15804 A1-A3) (ts) Primary data





Raw material Plywood 4.5 kg EU-28: plywood board(EN15804 A1-A3) (ts) Primary data







PU foam with fossil-based
esterpolyols 3.5 kg Based on own modelling Primary data
Raw material PU adhesive withfossil-based esterpolyols 0.35 kg Based on own modelling Primary data
Raw material Plywood board withphenol-formaldehyde resin 11.6 kg Based on own modelling Primary data
Energy Electricity 96 kWh ES: electricity grid mix (ts) Secondary data
Product Panel 1 m2 - -
In the framework of environmental assessment through LCA, several assumptions
were introduced at different stages of the assessment. In particular, bark was considered
as a secondary material with no environmental impacts/benefits (e.g., due to carbon
storage) associated with it (“zero burden approach”) [45]. Moreover, the calculation of the
biogenic carbon uptake and release linked to the raw materials production followed the
Product Environmental Footprint (PEF) approach, as described in [46] (i.e., only biogenic
methane emissions are modelled). Considering the need to properly integrate several
processing steps implemented at different scales along the value chains, some assumptions
regarding the scale-up and optimisation of the targeted processes were introduced, in
particular regarding the treatment and recirculation of liquid residual streams, as well
as the incineration of solid residual streams left after wastewater treatments. Moreover,
solid residual streams originated from within the primary refining (e.g., after solid–liquid
separation steps) were assumed to be sent to an “internal” boiler for energy recovery
(efficiency 0.9) and their calorific values were estimated according to [47]. Bio-based
adipic acid (data retrieved from [48]) was considered as a monomer for bioesterpolyols
production instead of as bio-based azelaic acid, for which no data or datasets were available.
Regarding multifunctional processes (e.g., primary refining and 1,4-BDO production),
economic allocation among the main and co or by-products was applied.
Among the impact categories recommended by the PEF Guide 2013 [46], the eight
impact categories acidification, climate change, aquatic freshwater eutrophication, aquatic
marine eutrophication, terrestrial eutrophication, ozone depletion, photochemical ozone
formation, and resource-use energy carriers were selected for this study based on their
relevance for the assessed processes. These are related to resource use and emissions of
environmentally damaging substances (e.g., greenhouse gases and toxic chemicals), which
may affect human health. Impact assessment methods use models for quantifying the
causal relationships between the material/energy inputs and the emissions associated
with the product life cycle for each impact category considered. Each category hence
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referred to a particular stand-alone impact assessment model. The two optional steps of
the Impact Assessment phase, namely normalisation and weighting, were not considered
in this analysis.
2.5.2. LCC
Similar to LCA, Life Cycle Costing (LCC) is a method that summarises all the costs as-
sociated with the life cycle of a product (or service) that are directly covered by one or more
of the actors involved in the product life cycle (e.g., supplier, producer, user/consumer, and
end-of-life actor). Life Cycle Costing can be used as a stand-alone tool or can be used in the
broader context of the sustainable development of a product, together with environmental
LCA and social LCA. As for LCA, primary data for LCC were gathered from REHAP
partners through questionnaires, while secondary data were mainly retrieved through the
literature research. Table 3 contains all of the data and information that were used for the
assessment of both the bio-based and benchmark solutions, addressing the raw material
and energy costs, as well as the personnel and equipment costs.
Table 3. Life Cycle Costing Inventory of the production of the bio-based multi-layer panel production and the
benchmark solutions.








l Raw material BioPU foam 3.94 €/kg -
Calculations based on
primary data
Raw material BioPU adhesive 3.651 €/kg - Calculations based onprimary data
Raw material Plywood board withbiophenolic resin 0.579 €/kg -
Calculations based on
primary data






1 Raw material XPS foam 90 €/m
3 Density:
25 kg/m3 Primary data
Raw material PU adhesive 3.5 €/kg - Primary data
Raw material Plywood 523 €/m3
Density:
450 kg/m3 Primary data







PU foam with fossil-based
esterpolyols 2.7 €/kg -
Calculations based on
secondary data
Raw material PU adhesive withfossil-based esterpolyols 2.46 €/kg -
Calculations based on
secondary data
Raw material Plywood board withphenol-formaldehyde resins 0.6 €/kg -
Calculations based on
secondary data





Personnel Unskilled worker 25 €/h 2 workers;1760 h/y
Calculations based on
primary data
Maintenance - - - 1% of CAPEXcost Assumption
Equipment Press 40,000 € Depreciationtime: 10 years Estimation
The assumptions and estimations introduced for LCA were also valid for the LCC.
Specific hypotheses have also been considered in the framework of the economic assessment
through LCC, particularly related to the annual maintenance costs. Those were assumed
to be 1% of the overall CAPEX for bio phenolic resin production and multi-layer panel
assembly (value based on primary data provided by REHAP project partners [27]), and 3%
for all other processes upstream from the value chain (literature-based average value for
different biorefinery concepts [49,50]).
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2.5.3. S-LCA
The Social Life Cycle Assessment (S-LCA) is a social impact assessment technique
that aims to assess the social and socio-economic aspects of products and their potential
positive and negative impacts along their life cycle. The S-LCA of this study is based on
UNEP/SETAC guidelines. The guidelines provide impact indicators that are differentiated
in stakeholder categories, which are supposed to be the main groups possibly impacted by
a product’s life cycle [51]. The relevant stakeholder categories were identified according
to the current study’s research objectives, system boundaries, and data availability. Due
to selecting a “cradle-to-gate” approach, the stakeholder category “Consumers” was not
included in the system boundary and therefore not considered.
Table 4 reports the considered stakeholders, the subcategories, and the inventory
indicators that have been applied in this study. For each of the identified social indicators,
tailored questions were prepared for the industrial partners involved in the bio-based
multi-layer panel value chain (related, for example, to the presence of specific policies or
procedures within the company, focused on some social aspects such as local employment
or supplier relationships). Based on the selected S-LCA subcategories, a questionnaire
was developed and answered by the industrial partners involved in panel manufacturing.
Due to the accessibility of questionnaire recipients, the S-LCA of the multi-layer panel was
limited to the manufacturing process of the functional components and the end product.












• Strength of organisational policies related to resettlement




• Presence of policies regarding community engagement at the company level
• Organisational support for community initiatives
Local employment
• Presence of policies on local hiring preferences
• Percentage of workforce hired locally
• Percentage of spending on locally based suppliers
Access to im-material
resourses
• Presence of community education initiatives and community service programmes
Access to material
resources
• Existence of projects to improve community infrastructure
• Strength of potential material resource conflicts
• Presence of certified environmental management systems
Safe and healthy
living conditions













• Presence of anti-competitive behaviour or violation of anti-trust and monopoly legislation
can be linked to the organisation
• Presence of policies to prevent anti-competitive behaviour
• Presence of actions to increase employee awareness related to fair competition
Respect of intellectual
property rights
• Organisation’s policy and practice regarding the respect of intellectual property rights
Supplier relationships
• Interaction of the company with suppliers (payment on time, sufficient lead time,
appropriate communication, and collaboration regarding quality issues)
Promoting social
responsibility
• Membership in an initiative that promotes social responsibility along the supply chain
• Integration of ethical, social, environmental, and gender equality criteria in purchasing
policy, distribution policy, and contract signatures










• Evidence of restriction to freedom of association and collective bargaining in the company
• Presence of unions within the organisation and adequately support for them
• Employee/union representatives are invited to contribute to the planning of larger changes
in the company, which will affect the working conditions
Fair salary
• Wage of the lowest paid worker compared to the minimum wage
• Regular and documented worker payments
Hours of work
• Number of hours effectively worked by employees
• Number of holidays effectively used by employees
• Flexibility
• Respect of contractual agreements concerning overtime
Equal opportuni-
ties/discrimination
• Presence of formal policies on equal opportunities
• Occurrence of discrimination in the company
• Share of women and minorities within the personnel
• Ratio of basic salary of men to women by employee category
Health and safety
• Number of injuries or fatal accidents in the organisation
• Presence of a formal policy regarding health and safety
• Preventive measures and emergency protocols regarding safety aspects (accidents and
injuries, and chemical exposure)
• Appropriate PPE required in all applicable situations
• Training, counselling, prevention, and risk control programmes in place to assist
workforce members








• Presence of publicly available commitments, agreements, and codes of conduct regarding
sustainable issues (and complaints to the non-fulfilment of these commitments)
Contribution to
economic development
• Contribution of the product/sector/company to economic development
Corruption
• Presence of an anti-corruption program in the company
• Presence of cooperation with internal and external controls to prevent corruption
• Evidence of active involvement of the organisation in corruption and bribery
Technology
development
• Involvement of the company in technology transfer programmes or projects
• Presence of partnerships regarding R&D programmes or projects
• Investments in technology development
3. Results
The following chapter shows the absolute results for the LCA, LCC, and S-LCA, and
for the technical/physical properties of both the bio-based panel and the two benchmark
panels, as well as visualizes the relative comparison of the different systems. Due to
confidentiality, S-LCA results are presented in aggregate and qualitative form.
3.1. LCA
Table 5 and Figure 4 report the environmental impacts of the production of the bio-
based multi-layer panel compared with the benchmark solutions, where conventional
components (including fossil-based ones) were used. For this comparison, impacts related
to the transportation routes in the bio-based case were not considered.
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Table 5. Life Cycle Impact Assessment results for the selected impact categories per functional unit (1 m2).
Impact Category Bio-Based Panel BENCHMARK 1 BENCHMARK 2 Unit
Acidification terrestrial
and freshwater 4.17 × 10
−2 6.45 × 10−2 8.43 × 10−2 Mole of H+ eq.
Climate change 2.66 × 10+1 2.43 × 10+1 2.98 × 10+1 kg CO2 eq.
Eutrophication
freshwater 1.62 × 10
−3 6.55 × 10−5 4.05 × 10−4 kg P eq.
Eutrophication marine 2.26 × 10−2 1.63 × 10−2 2.16 × 10−2 kg N eq.
Eutrophication
terrestrial 2.30 × 10
−1 1.72 × 10−1 2.16 × 10−1 Mole of N eq.




5.10 × 10−2 6.13 × 10−2 6.59 × 10−2 kg NMVOC eq.
Resource use and
energy carriers 5.96 × 10
+2 5.40 × 10+2 6.21 × 10+2 MJ
Figure 4. Relative LCA results of the bio-based multi-layer panel (REHAP multi-layer panel) compared to the benchmarks.
The bio-based multi-layer panel, which consists of the assembly of the bio-based prod-
ucts (i.e., BioPU foam, plywood board, and bioPU adhesive), presented quite similar results
compared with the “benchmark 2” panel, i.e., a panel including the same components
as the bio-based case but with a “fossil-based” origin (PU foam and PU adhesive with
fossil-based esterpolyols, and plywood board with phenol-formaldehyde resin). Differ-
ences between 4% and 6% are shown for the following impact categories: resource use,
ozone depletion, eutrophication terrestrial, and eutrophication marine. Concerning the
other impact categories, the bio-based panel entailed lower impacts in terms of climate
change (−12%), photochemical ozone formation (−29%), and acidification (−102%, mainly
associated with the primary refining processes within bio-based value chains), and pre-
sented a considerable increase for the eutrophication freshwater category. This was mainly
due to the PU-based components, i.e., the PU foam and PU adhesive, and the bio-based
monomers (1,4-BDO and 2,3-BDO) used in bioesterpolyols formulation. While 2,3-BDO
impacts on eutrophication freshwater are to be associated with the activated carbon and
solvents (e.g., ethyl acetate) employed in the process, impacts on such categories linked
to 1,4-BDO production can be mainly related to the glucose used, as additional sugars’
sources along with second-generation sugars were derived from bark.
The “benchmark 1” panel (SIP with plywood and XPS foam) entailed slightly better
environmental performances in almost all impact categories if compared with the other
solutions (especially for the categories ozone depletion and eutrophication freshwater).
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However, the bio-based panel showed lower impacts in photochemical ozone formation
and acidification potential.
In the framework of the bio-based multi-layer panel production, most of the impacts
were related to the electricity used in the process, followed by the BioPU foam production.
In the latter, the MDI used in BioPU foam formulation entailed relevant environmental
impacts in almost all impact categories, except for eutrophication freshwater, for which the
glucose used in 1,4-BDO production entailed a high share of the impacts.
Figure 5 shows that most of the impacts for “benchmark 1” were attributed to the elec-
tric energy demand, followed by XPS foam and plywood manufacturing. For “benchmark
2”, most of the impacts were allocated to PU foam production (due to its MDI content), fol-
lowed by electricity and plywood board. In both benchmark solutions, impacts associated
with the PU adhesive were very low compared with the other components.
Figure 5. Contributions of the different components to the LCA result of the bio-based panel.
3.2. LCC
The resulting production cost of the bio-based multi-layer panel was equal to 58.59 €/m2
when the assessment outcomes of the pilot-scale processes within bio-based value chains
were included. Indeed, the results obtained from the LCC of the bio-based components
(i.e., BioPU foam, bioPU adhesive, and plywood board) showed that the highest costs
were related to the processes for which pilot-scale implementation is carried out: primary
refining and 2,3-BDO production. Indeed, further improvements and optimisation actions
are still needed to lower the production costs of sugars, lignin, and 2,3-BDO in order to
make such intermediates competitive on the market.
For this reason, a competitive price of 1 €/kg for sugars and 0.5 €/kg for lignin,
along with a market price for 2,3-BDO (to be used in the formulation of bioesterpolyols
for PU adhesives) was considered to estimate the prices of bio-based components for
the multi-layer panel production (value based on primary data provided by REHAP
project partners [27]). In the latter case, the results became more promising, as shown in
Table 6, which shows the LCC results of the bio-based multi-layer panel compared with the
selected benchmark solutions, i.e., the SIP panel (benchmark 1) and panel with fossil-based
components (benchmark 2). For this comparison, impacts related to the transportation
routes in the bio-based case were not considered.
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Table 6. LCC results for the bio-based multi-layer panel and the benchmarks per functional unit
(1 m2 panel).
BIO BASED BENCHMARK 1 BENCHMARK 2 Unit
Multilayer panel 51.97 50.87 47.46 €/m2
Even though the differences among the assessed cases were not relevant, the best
results in terms of economic impacts were associated with the “benchmark 2” case, while
the bio-based panel presented higher economic impacts, with a slight increase if compared
with the SIP panel production costs. Focusing on the bio-based case, the cost breakdown of
the multi-layer panel production is shown in Figure 6. Considering also the transportation
cost, the total economic impacts increased to 53.61 €/m2. The highest contribution was
associated with the personnel (46%), followed by the raw materials (41%) and energy (8%).
Other contributions were covered by equipment and transportation, which accounted for
2% and 3% respectively. BioPU foams entailed 63% of the economic impacts among the
raw materials, while plywood board and bioPU adhesives accounted for 31% and 6%,
respectively. If compared with the benchmark cases, the economic impact of BioPU foam
is higher than both XPS foam (benchmark 1) and fossil-based PU foam (benchmark 2).
This depends on the higher production cost of bioesterpolyols compared with the fossil-
based counterparts, which in turn is linked to the higher price of bio-based monomers.
Additionally, the plywood board entailing biophenolic resins showed economic benefits
compared with the plywood used in SIP panel (benchmark 1) and with the fossil-based
plywood board (benchmark 2), while the adhesive contribution was similar in all of
the cases.
Figure 6. LCC cost breakdown for bio-based panel production.
3.3. S-LCA
The results of the social assessment of the bio-based multi-layer panel were based on
the associated companies’ responses to the questionnaire. The answers were evaluated
qualitatively and suggestions for improvement were made to the companies based on
their specific S-LCA results. According to the outcomes of the S-LCA of each bio-based
component, good results in terms of social impacts were shown for all the processes related
to the production of intermediates and bio-based components.
In particular, some companies achieved good impacts for the stakeholder category
“Local Community” mainly because of their strong relationship of collaboration and open
dialogue with the local community. Some companies were indeed committed to the
sustainable growth of the areas near their factories and considered the people living there,
for example, by favouring the hiring of local people and local suppliers. In particular,
the smaller companies assessed within the REHAP project would need to increase their
engagement in initiatives for the community (e.g., education initiatives) and commit clearly
to local employment. Some companies paid great attention to technology development
and sustainability issues by publishing environmental reports on the implementation of
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the company’s environmental policy and on the consistency between the goals proposed.
Specific documents aimed to enhance ethical principles such as transparency, fairness,
equality, social responsibility, and sustainability were also encountered, thus driving and
supervising the relationships with suppliers, employees, and customers. Examples of such
documents include the Ethical Code, Code of Conduct, Supplier Code of Conduct, Code
of Ethics, and Annual Sustainability Report. Concerning the stakeholder group “Society”,
the development of public documents regarding commitments, agreements, or codes of
conduct on sustainability issues and anti-corruption measures may increase the positive
effects on the society.
3.4. Technical/Physical Properties
The results for the tensile and compression strength tests for the different samples
evaluated in the study are shown in Table 7 (the detailed list of results for each test sample
is included in Appendix A). Initial estimates considered 120–150 kPa for the stress limit of
the PU core of the panel, based on the UNE-EN 14509:2014 standard. The compressive tests
for the core (test samples 5 and 6) showed that the stress limit ranged between 150 and
225 kPa. This proves that the initial estimate of the properties was too conservative and
shows that the properties of the material exceeded the original expectations. The tensile
strength tests performed over the different samples resulted in stress limits between 205 to
209 kPa for samples with sufficient adhesives. The initial estimates considered 100–120 kPa
as the limit of the PU core of the panel (based on the UNE-EN 14509:2014 standard), which
also showed that the material’s tensile strength exceeded the initial expectations. The
compressive and tensile strength of the plywood was far higher than expected, which
shows that the plywood is not the limiting material in the performed tests. Based on the
bio-based panel’s technical/physical properties testing, the panel is technically competitive
with the two benchmark systems. This result emphasizes that the comparative LCC and
LCA study between the developed and benchmark panels with the selected functional unit
is valid. The best sample is the plywood with 250 g/m2 of bioPU adhesive based on the
results obtained. A pressure of 0.4 bar is sufficient to achieve good adhesion between the
faces and the core without causing breaking.
Table 7. Results of the tensile and compression tests. The detailed results of the tensile test can be
found in Tables A1–A6 and the results of the compression tests can be found in Tables A7 and A8,









# 1 0.127 11.4 - -
# 2 0.073 8.7 - -
# 3 0.110 12.1 - -
# 4 0.124 13.3 - -
# 5 0.205 18.3 0.225 12.2
# 6 0.209 12.6 0.150 9.23
4. Discussion
The LCA results show that the bio-based and “benchmark 2” panel have quite similar
environmental impacts, even though the bio-based solution entailed better environmental
performances in terms of climate change (−12%), acidification potential (−102%), and
photochemical ozone formation (−29%), but higher impacts in the eutrophication freshwa-
ter potential (+75%). The acidification benefits of the bio-based panel are to be attributed
to the primary refining step within the value chains towards bio-based components (in
particular, due to the incineration of residual solid streams after wastewater treatment),
while the lower impacts in the other impact categories are mainly due to the substitution
of fossil-based raw materials (i.e., phenol in resins used in the plywood board, fossil-
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based esterpolyols for the PU foam and adhesive) with bio-based materials. The higher
impacts for the category eutrophication freshwater can be allocated to the raw materials
employed in producing bio-based monomers for bio-based esterpolyols, i.e., 2,3-BDO and
1,4-BDO. The SIP panel showed slightly better environmental impacts than the bio-based
and “benchmark 2” panel, except for the photochemical ozone formation and acidification
categories. The results from LCC have shown that the bio-based solution entails slightly
higher costs compared with both benchmark cases. This discrepancy mainly depends on
the BioPU foam, which entails an economic impact significantly higher than for the XPS
foam (benchmark 1) and fossil-based PU foam (benchmark 2). The higher cost for BioPU
foam is mainly due to the bioesterpolyols whose increased production cost, compared with
fossil-based counterparts, is mainly related to the higher price of bio-based monomers.
While the presented bio-based panel performs only economically marginally weaker
than the conventional panels, the result is more heterogeneous for the environmental
dimension. The findings that bio-based products often outperform conventional fossil-
based products in categories such as climate change and tend to underperform in categories
such as eutrophication are consistent with other research findings [14]. Regarding the
economic and environmental results, it is essential to underline that the processes used
for the production of the novel panels have so far been implemented on a pilot scale and
not yet on a large industrial scale. Furthermore, the processes are novel and have not yet
been subjected to optimisation cycles. With an upscaling and further optimisation of the
processes, an improvement of the LCA and LCC results can be expected. This is in line
with the conclusions of similar existing works, highlighting that the differences in scale
and technology readiness are a constraint in this type of study [21]. This limits the validity
of the direct comparison with conventional products, which are based on processes that
have, in some cases, been optimised for decades.
The environmental and economic competitiveness of the bio-based solution versus the
fossil-based benchmarks are influenced by several factors along the entire value chain, from
the primary refining of biomass to the downstream processes, which have the potential
to be further optimised. Efficient recycling and energy recovery from residual and waste
materials can increase both environmental and economic benefits. This is particularly
interesting in primary refining, where many liquid and solid residues are generated.
Regarding the production of bio-based intermediates, particularly 2,3-BDO production
(intermediate in the bioPU adhesive value chain) urgently needs reduced raw material
requirements (including solvents), while maintaining the same product output. This
increase in efficiency should take place when scaling up from the pilot to the industrial scale.
Although costs related to the bio-based panel are already at the level of the benchmarks and
the cost calculations are based on the laboratory or pilot scale, further improvements should
be targeted. In particular, the total raw materials costs could be reduced by investigating
alternative processes or substances. For example, the price of bio-based azelaic acid used
in the bioesterpolyols formulation mainly contributes to the overall production costs for
bio-esterpolyols. In addition, it should be emphasised that the bio-based materials have
other advantages which were not subject to the underlying research. The produced bio-
polyesterpolyols showed better fire performance than the fossil benchmarks, which implies
a reduction in the use of flame retardants for specific applications and would significantly
reduce the overall cost of the final product (polyurethane foam in this case).
From the S-LCA analysis, it can be concluded that although all companies involved
in the REHAP project respect and apply social principles, further improvements can be
implemented in some cases to explicitly indicate the company’s engagements. Further
commitments could improve topics such as promoting social responsibility along the
supply chain and the ensuring the involvement of local communities. In particular, the
small companies involved in the production process have the potential to further develop
their social benefits for different stakeholders. In particular, the adoption of explicit
and written procedures and measures may significantly raise social benefits linked to
the company’s activities and could enhance the engagement of local communities and
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value chain actors including suppliers, workers, and society in bio-based operations, thus
fostering a wider diffusion of bio-based value chains across Europe. A comparison of the
social performance of the bio-based panel with conventional panels was not performed in
this study but would have been desirable. The lack of recognised methods and standards for
evaluating the social dimension do not yet allow for such a comparison. It was also found
that the participating companies only provided data on social aspects under the assurance
of confidentiality. The fear of bad social responsibility ratings seems to be very high among
the companies, which considerably limits transparency. Even with more recognised and
standardised S-LCA models, the accessibility of sensitive social data will be a limiting
factor. Ingrao et al. (2021) drew the same conclusion from the results of a recent Special
Issue [25]. In order to make small steps towards more transparency, the S-LCA results are
presented qualitatively. Furthermore, the conclusion of the S-LCA was internally fed back
directly to the participating companies in the form of recommendations for improvement.
In order to increase the transparency of social aspects, the disclosure of specific data on
social aspects could be a condition for companies in publicly financed projects.
In conclusion, this work presents an already marketable and economically competitive
product with a technical performance comparable to the benchmark panels and is within
both the stress limit and tensile strength standards. From a technical point of view, the
bio-based panel has the properties to substitute conventional insulation panels and thereby
can reduce the demand for fossil resources. The 14.6 Mt coniferous bark (spruce plus
pine bark) would serve enough feedstock to produce 0.926 Mil t PU foam or 2.327 Mil
t PU adhesives (both products are based on esterpolyol derived from coniferous bark-
based carbohydrates) and additionally 145.504 Mil t biophenolic resin (based on lignin
and tannin). The coniferous bark-derived carbohydrates needed for PU foam and PU
adhesive production are the limiting feedstock. The EU’s bioeconomic coniferous bark
potentials would allow for a total multi-layer production volume of about 250 Mil m2.
Although the panel presented in this study was produced on a laboratory and pilot scale, it
exceeds conventional benchmarks in many environmental categories and has a competitive
price. With additional research and development to implement the proposed process
improvements, the bio-based panel can further increase its sustainability significantly.
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Appendix A
Detailed results of the mechanical tests performed on the multi-layer panel are shown
in Tables A1–A6 for the tensile tests and in Tables A7 and A8 for the compression test.
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Table A1. Results of the tensile test for test sample 1.
Test Sample 1
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 1216.17 0.122 11.512 95% cohesive (core) + 5% adhesivebetween core and board
2 1496.07 0.150 11.703 100% cohesive (core)
3 1084.38 0.110 11.095 90% cohesive (core) + 10% adhesivebetween core and board
Average - 0.127 11.4 -
Uncertainty - 0.027 1.11 -
Table A2. Results of the tensile test for test sample 2.
Test Sample 2
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 1075.32 0.108 8.689 95% cohesive (core) + 5% adhesivebetween core and board
2 708.76 0.071 9.303 100% cohesive (core)
3 384.18 0.038 8.208 100% cohesive (core)
Average - 0.073 8.73 -
Uncertainty - 0.041 1.12 -
Table A3. Results of the tensile test for test sample 3.
Test Sample 3
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 1345.2 0.136 14.039 100% cohesive (core)
2 987.61 0.100 11.905 100% cohesive (core)
3 942.7 0.095 10.325 90% cohesive (core) + 10% adhesivebetween core and board
Average - 0.11 12.1 -
Uncertainty - 0.029 2.4 -
Table A4. Results of the tensile test for test sample 4.
Test Sample 4
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 974.72 0.099 12.021 100% cohesive (core)
2 915.86 0.092 10.244 100% cohesive (core)
3 1595.38 0.162 12.575 100% cohesive (core)
4 1398.65 0.144 18.546 85% cohesive (core) + 15% adhesivebetween core and board
Average - 0.124 13.3 -
Uncertainty - 0.038 3.9 -
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Table A5. Results of the tensile test for test sample 5.
Test Sample 5
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 1879.72 0.194 18.829 95% cohesive (core) + 5% adhesivebetween core and board
2 2259.07 0.220 18.106 95% cohesive (core) + 5% adhesivebetween core and board
3 1154.31 0.115 16.334 95% cohesive (core) + 5% adhesivebetween core and board
4 2257.34 0.227 18.667 100% cohesive (core)
5 2724.02 0.267 19.328 100% cohesive (core)
Average - 0.205 18.3 -
Uncertainty - 0.055 2.0 -
Table A6. Results of the tensile test for test sample 6.
Test Sample 6
Test Specimen Maximum Force (N) Strength (MPa) Modulus (MPa) Breakage Mode
1 1663.96 0.174 11.766 100% cohesive (core)
2 2509.34 0.250 13.082 100% cohesive (core)
3 1898.66 0.192 10.494 100% cohesive (core)
4 1610.09 0.164 13.311 100% cohesive (core)
5 2717.74 0.268 14.514 100% cohesive (core)
Average - 0.209 12.6 -
Uncertainty - 0.047 1.8 -
















1 2552.49 0.249 3.000 2440.92 0.238 13.124
2 2342.45 0.235 2.840 2240.49 0.224 12.259
3 2384.78 0.233 2.056 2309.98 0.225 12.412
4 2233.31 0.216 2.324 2175.87 0.210 11.054
Average - 0.233 2.55 - 0.225 12.2
Uncertainty - 0.014 1.16 - 0.012 1.3
















1 1536.11 0.151 1.974 1588.40 0.1560 9.2454
2 1480.33 0.145 1.911 1450.03 0.1423 9.2744
3 1624.18 0.160 1.867 1673.16 0.1649 10.444
4 1415.07 0.138 2.217 1391.95 0.1357 7.964
Average - 0.149 1.99 - 0.15 9.23
Uncertainty - 0.010 1.68 - 0.013 1.23
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20. Lacoste, C.; Čop, M.; Kemppainen, K.; Giovando, S.; Pizzi, A.; Laborie, M.P.; Sernek, M.; Celzard, A. Biobased foams from
condensed tannin extracts from Norway spruce (Picea abies) bark. Ind. Crops Prod. 2015, 73, 144–153. [CrossRef]
21. Arias, A.; González-García, S.; González-Rodríguez, S.; Feijoo, G.; Moreira, M.T. Cradle-to-gate Life Cycle Assessment of
bio-adhesives for the wood panel industry. A comparison with petrochemical alternatives. Sci. Total Environ. 2020, 738, 140357.
[CrossRef] [PubMed]
22. Santos, P.; Correia, J.R.; Godinho, L.; Dias, A.M.P.G.; Dias, A. Life cycle analysis of cross-insulated timber panels. Structures 2021,
31, 1311–1324. [CrossRef]
23. Sinka, M.; Korjakins, A.; Bajare, D.; Zimele, Z.; Sahmenko, G. Bio-based construction panels for low carbon development. Energy
Procedia 2018, 147, 220–226. [CrossRef]
24. Ingrao, C.; Giudice, A.L.; Tricase, C.; Rana, R.; Mbohwa, C.; Siracusa, V. Recycled-PET fibre based panels for building thermal
insulation: Environmental impact and improvement potential assessment for a greener production. Sci. Total Environ. 2014, 493,
914–929. [CrossRef]
25. Ingrao, C.; Arcidiacono, C.; Siracusa, V.; Niero, M.; Traverso, M. Life cycle sustainability analysis of resource recovery from waste
management systems in a circular economy perspective Key Findings from This Special Issue. Resources 2021, 10, 32. [CrossRef]
Resources 2021, 10, 98 21 of 21
26. Ingrao, C.; Bacenetti, J.; Bezama, A.; Blok, V.; Goglio, P.; Koukios, E.G.; Lindner, M.; Nemecek, T.; Siracusa, V.; Zabaniotou, A.;
et al. The potential roles of bio-economy in the transition to equitable, sustainable, post fossil-carbon societies: Findings from this
virtual special issue. J. Clean. Prod. 2018, 204, 471–488. [CrossRef]
27. Rehap. Moving towards a resource-efficient Europe. SPIRE Project 2021. Available online: https://www.rehap.eu.com/ (accessed
on 20 July 2021).
28. Buyle, M.; Braet, J.; Audenaert, A. Life cycle assessment in the construction sector: A review. Renew. Sustain. Energy Rev. 2013, 26,
379–388. [CrossRef]
29. Asiedu, Y.; Gu, P. Product life cycle cost analysis: State of the art review. Int. J. Prod. Econ. 1998, 36, 883–908. [CrossRef]
30. Huarachi, D.A.R.; Piekarski, C.M.; Puglieri, F.N.; de Francisco, A.C. Past and future of Social Life Cycle Assessment: Historical
evolution and research trends. J. Clean. Prod. 2020, 264, 121506. [CrossRef]
31. Liu, S.; Qian, S. Evaluation of social life-cycle performance of buildings: Theoretical framework and impact assessment approach.
J. Clean. Prod. 2019, 213, 792–807. [CrossRef]
32. Fatourehchi, D.; Zarghami, E. Social sustainability assessment framework for managing sustainable construction in residential
buildings. J. Build. Eng. 2020, 32, 101761. [CrossRef]
33. Visentin, C.; Trentin, A.W.d.S.; Braun, A.B.; Thomé, A. Life cycle sustainability assessment: A systematic literature review through
the application perspective, indicators, and methodologies. J. Clean. Prod. 2020, 270. [CrossRef]
34. Martin, M.; Røyne, F.; Ekvall, T.; Moberg, Å. Life Cycle Sustainability Evaluations of Bio-based Value Chains: Reviewing the
Indicators from A Swedish Perspective. Sustainability 2018, 10, 547. [CrossRef]
35. Broeren, M.L.M.; Molenveld, K.; van den Oever, M.J.A.; Patel, M.K.; Worrell, E.; Shen, L. Early-stage sustainability assessment to
assist with material selection: A case study for biobased printer panels. J. Clean. Prod. 2016, 135, 30–41. [CrossRef]
36. Escobar, N.; Laibach, N. Sustainability check for bio-based technologies: A review of process-based and life cycle approaches.
Renew. Sustain. Energy Rev. 2021, 135, 110213. [CrossRef]
37. Yılmaz, E.; Arslan, H.; Bideci, A. Environmental performance analysis of insulated composite facade panels using life cycle
assessment (LCA). Constr. Build. Mater. 2019, 202, 806–813. [CrossRef]
38. Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz, E.; Weidema, B. The ecoinvent database version 3 (part I): Overview
and methodology. Int. J. Life Cycle Assess. 2016, 21, 1218–1230. [CrossRef]
39. Sphera. GaBi Product Sustainability Software. Sphera. 2020. Available online: https://gabi.sphera.com/international/software/
(accessed on 20 July 2021).
40. Ciroth, A.; Huppes, G.; Klöpffer, W.; Rüdenauer, I.; Steen, B.; Swarr, T. Environmental Life Cycle Costing; Taylor & Francis: London,
UK, 2008.
41. UNEP SETAC; Benoît, C.; Mazijn, B. (Eds.) Guidelines for Social Life Cycle Assessment of Products; UNEP/SETAC Life Cycle
Initiative: Nairobi, Kenya, 2009.
42. Alkakurtti, S.; Grönqvist, S.; Niemelä, K.; Ruuskanen, M.; Tamminen, T. Extraction of Valuable Components from Bark.
WO2020084196A1, 30 April 2020.
43. Thorenz, A.; Wietschel, L.; Stindt, D.; Tuma, A. Assessment of agroforestry residue potentials for the bioeconomy in the European
Union. J. Clean. Prod. 2018, 176, 348–359. [CrossRef]
44. Eurostat. Roundwood Removals by Type of Wood and Assortment. for_remov. 2021. Available online: https://appsso.eurostat.ec.
europa.eu/nui/submitViewTableAction.do (accessed on 28 June 2021).
45. Olofsson, J.; Börjesson, P. Residual biomass as resource—Life-cycle environmental impact of wastes in circular resource systems.
J. Clean. Prod. 2018, 196, 997–1006. [CrossRef]
46. Fazio, S.; Castellani, V.; Sala, S.; Schau, E.; Secchi, M.; Zampori, L.; Diaconu, E. Supporting Information to the Characterisation Factors
of Recommended EF Life Cycle Impact Assessment Methods; European Commission: Brussels, Belgium, 2018.
47. Phyllis2. Database for (Treated) Biomass, Algea, Feedstocks Fogios Production and Biochar. 2020. Available online: https:
//phyllis.nl/ (accessed on 28 June 2021).
48. Aryapratama, R.; Janssen, M. Prospective life cycle assessment of bio-based adipic acid production from forest residues. J. Clean.
Prod. 2017, 164, 434–443. [CrossRef]
49. Anderson, J. Determining Manufacturing Costs. 2008. Available online: https://www.semanticscholar.org/paper/Determining-
Manufacturing-Costs-Anderson/99a1a56dd9adc9f24f3fc1d7c25a1d2db3a1a784 (accessed on 13 July 2021).
50. German Federal Government. Biorefineries Roadmap. Federal Ministry of Food, Agriculture and Consumer Protection (BMELV).
2012. Available online: https://www.bmbf.de/SharedDocs/Publikationen/de/bmbf/pdf/biorefineries-roadmap.pdf?__blob=
publicationFile&amp%3Bv=2 (accessed on 14 July 2021).
51. UNEP SETAC. The Methodological Sheets for Subcategories in Social Life Cicle Assessment (S-LCA). 2013. Available online:
http://link.springer.com/10.1007/978-1-4419-8825-6 (accessed on 14 July 2021).
